A novel poly(indole-co-3-methylthiophene)-ionic liquid (i.e., 1-allyl-3-vinylimidazolium bis((trifluoromethyl)sulfonyl)imide) (P(In-3-MeT)/IL) composite film was electrodeposited on a stainless steel wire for headspace solid phase microextraction. The obtained P(In-3-MeT)/IL coating was rough and showed a cauliflower-shape. It had high thermal stability (up to 450 C) and mechanical stability and could be used for at least 180 times in solid phase microextraction (SPME) without a decrease in extraction performance. The coating exhibited high extraction capacity for some polycyclic aromatic hydrocarbons (e.g. naphthalene, 1-methylnaphthalene, acenaphthene, biphenyl, fluorene and phenanthrene) due to the strong hydrophobic and p-p interactions between the analytes and P(In-3-MeT)/IL. Through coupling with GC, good linearity (correlation coefficients higher than 0.9994), wide linear ranges (0.05-50 mg L
Introduction
Solid-phase microextraction (SPME), which was rst introduced by Pawliszyn and coworkers in the 1990s, is a useful samplepretreatment technique.
1 It is able to integrate sampling, isolation, trace enrichment, clean-up process and sample introduction into one step. 2 With the merits of lack of organic solvent, simple operation, easy automation and coupling with gas chromatography (GC), 3 gas chromatography-mass spectrometry (GC-MS), 4 high performance liquid chromatography (HPLC), 5 capillary electrophoresis (CE), 6 etc., it has been widely applied for the analysis of food, 7 clinical, 8 environmental 9 and biological 10 samples. The key part of SPME is the coating. Therefore, the development of the coating is of great importance to achieve high extraction efficiency and selectivity.
Among various fabricating methods, electropolymerization is a favorable method to deposit conductive polymer lms directly on solid surface. This method was attempted by Wu and Pawliszyn et al. a decade ago, and polypyrrole and polyaniline (PANI) SPME coatings were constructed. 11, 12 Since the pioneering work on the aniline based copolymers was reported by Wei et al., copolymerization of aromatic monomers (e.g., biphenyl, thiophene, pyrrole), either under potentiostatic or using dynamic conditions, has been widely applied. 13, 14 By combining different monomers, it is possible to synthesize copolymers with high stability and high extraction efficiency. Xu et al. 15 fabricated a poly(p-phenylenediamine-co-aniline) composite coating on a stainless steel wire (SSW) for the head-space SPME of some derivatives of benzene; it displayed improved porous structure and higher extraction efficiency than the PANI coating. Ai et al. 16 prepared a hydrophobic coating of polyaniline-poly(propylene oxide) copolymer for direct immersion solid phase microextraction of carbamate pesticides; it showed strong hydrophobicity, good anti-fouling ability and repeatability. Kazemipour et al. 17 reported a nanocomposite sorbent concerning poly(o-phenylenediamine-co-o-toluidine) modied carbon nanotubes for the detection of polycyclic aromatic hydrocarbons by coupling with GC; it showed favourable extraction capability and long lifetime. Recently, poly(3-methylthiophene) (P3MeT) and polyindole (PIn), as conducting polymers with p-conjugated electronic structures, have received signicant attention. P3MeT has high conductivity and exibility, but its thermal property is relatively poor in contrast to PIn lm. 18 When coupled with GC, P3MeT might be destroyed by high temperature. PIn owns fairly good thermal stability because of the incorporation of benzene rings on the polymer backbone and high mechanic stability. However, PIn has relatively low electrical conductivity. 18 The electrodeposited PIn lm generally is non-uniform and thin. By electrochemical copolymerization of indole and 3-methylthiophene, their merits might be combined and a good coating might be obtained.
Ionic liquids (ILs), composed of organic cations and organic or inorganic anions, are a class of non-molecular solvents. They display favorable physicochemical characteristics such as nonvolatility, good electrical conductivity, wide electrochemical window, high thermal stability, 19, 20 which make them possess good application potential in electropolymerization. The application of IL as dopant in electropolymerization can improve the structure of polymers. Zhao et al. 21 fabricated a PANI-IL composite lm on platinum wire for the detection of benzene derivatives, and it showed porous structure and excellent adsorption capacity. Besides, it has been reported that the performance, lifetime and stability of conducting polymers could be improved by using IL electrolytes. [22] [23] [24] Therefore, IL is considered as stationary phase for SPME. Cagliero et al. 25 reported a matrix-compatible sorbent coating based on structuretuned polymeric ionic liquid, and it was used to determinate acrylamide in brewed coffee and coffee powder. Wu et al.
26
prepared a metal-organic framework-IL functionalized graphene nanocomposite by in situ solvothermal growth, which was used for highly efficient enrichment of chloramphenicol and thiamphenicol. Feng et al. 27 fabricated a MWCNTs doped-PIL ber by in situ polymerization with stainless steel wire as support, and it was applied for the SPME of 2-naphthol in aqueous and citrus samples.
In this work, a novel poly(indole-co-3-methylthiophene)/IL (P(In-3-MeT)/IL) composite coating was prepared by electrochemical method in acetonitrile (ACN) solution containing 1-allyl-3-vinylimidazolium bis((triuoromethyl)sulfonyl)imide ([AVIm]NTf 2 ). The coating was smooth and the thickness was uniform. It combined the advantages of PIn, P3MeT and IL and demonstrated high selectivity toward PAHs due to the strong hydrophobic and p-p interaction. When it was used for the determination of PAHs by coupling with GC, it presented good thermal, chemical and mechanical stability, low limits of detection (LODs) and high sensitivity.
Experimental

Apparatus
A CHI 617A electrochemical workstation (CH Instrument Corp., Shanghai, China) was employed for preparing SPME bers. A conventional three-electrode system was adopted, including a stainless steel wire (2 cm Â 250 mm O.D.) as working electrode, a Pt wire (2.5 cm Â 0.1 cm O.D.) as counter electrode and an Ag/AgCl electrode as reference electrode. The SPME device was laboratory-made, and it was a modied 5 mL syringe. Commercial SPME bers (100 mm polydimethylsiloxane (PDMS)) was supplied by Supelco (Bellefonte, PA, USA). The scanning electron microscopy (SEM) images were obtained by using an LEO 1530 eld emission SEM (Carl Zeiss NTS GmbH, Germany).
A SP-6890 GC equipped with a ame ionization detector (FID) (Shandong Lunan Ruihong Chemical Instrument, Tengzhou, China) and a N2000 chromatographic workstation (Zhenjiang University, Zhejiang, China) were used in this work. The analysis of PAHs was performed on a SE-54 capillary column (5% phenyl-95% methyl polysilicone, 30 m Â 320 mm Â 0.33 mm, Lanzhou Atech Technologies, Lanzhou, China). The following column temperature program was used: 50 C held for 4 min, followed by increasing temperature to 200 C at a rate of 19 C min À1 , then at a rate of 4.5 C min À1 to 240 C, which was held for 2 min; nally it was programmed at 2 C min À1 to 250 C, which was held for 2 min. The total run time was 30 min.
The inlet was operated under splitless mode; the injector port temperature and detector temperature were set at 250 C.
Ultrapure nitrogen was used as carrier gas at 1 mL min À1 and makeup gas at 30 mL min À1 , respectively.
Reagents and materials
All chemicals and reagents were of analytical grade.
NTf 2 ) were purchased from Lanzhou institute of Chemical Physics (Gansu, China). 3-MeT and tetrabutylammonium perchlorate (TBAP) were purchased from Aladdin Chemistry Co., Ltd. (Shanghai, China). Indole, NaCl, naphthalene (NAP), 1-methylnaphthalene (1-MNAP), biphenyl (BP), acenaphthene (ACE), uorene (FLU), phenanthrene (PHE), septas and vials came from the Reagent Factory of Shanghai. The stock solution of PAHs (0.010 mg mL À1 for all analytes) was prepared with absolute methanol and stored at À4 C. The samples, including mosquito-repellent incense, cigarette and industrial lubricant, were purchased from the local supermarket (Wuhan, China). The mosquito-repellent incense sample was crushed by mortar before use. The cigarette sample was pretreated by liquid extraction with methanol 28 prior to SPME procedure. Briey, the cigarette (5.0 g) was added to a glass bottle, then 50 mL methanol was added. The bottle was capped and shaken for 24 h. Aer that, the extractant was collected for SPME.
Preparation of P(In-3-MeT)/IL coating
The polymer lm was directly electrodeposited on stainless steel wire surface in ACN solution containing 0.10 M TBAP, 0.020 M In, 0.20 M 3-MeT and 0.2% (v/v, i.e., 20 mL per 10 mL) [AVIm]NTf 2 by using cyclic voltammetry (CV) technique. Prior to electrochemical deposition, the stainless steel wire was rinsed thoroughly with methanol and deionized water, and then was dried with infrared lamp. The CV was operated at a scan rate of 50 mV s À1 between À0.2 and 1.6 V and the number of scan cycle was set at 40. During the electrochemical polymerization, the surface of the stainless steel wire gradually became black, indicating the formation of P(In-3-MeT)/IL lm (Fig. 1) . The obtained ber was washed with distilled water to remove unwanted chemicals such as monomer and supporting electrolyte, and subsequently was kept in a desiccator for 24 h at room temperature. Aerwards, it was aged in a muffle furnace at 100 C for 30 min and then 280 C for 2 h under a gentle stream of N 2 . Finally, the ber was installed into the laboratory-made SPME device. For comparing study, P(3-MeT), PIn and P(In-3-MeT) coatings were also electrodeposited on the stainless steel wire surface under the same conditions but without IL.
SPME procedure
A 10 mL aqueous solution was transferred into a 15 mL glass vial with PTFE septum. Aer adding 3.5 g NaCl, a magnetic stirring bar and 5 mg L À1 PAHs, the vial was tightly sealed with an aluminum cap to prevent sample loss, and then was put in a water bath. The magnetic stirrer was used to accelerate the extraction. When the temperature reached the xed value, the ber was exposed to the headspace over the stirred solution for xed time. Then the ber was withdrawn into the needle, removed from the sample vial and immediately introduced into the GC injector port for thermal desorption of 4 min. Each measurement was carried out in triplicate. The same procedure was adopted for the determination of samples. When the recoveries for the standards added were tested, 5.0 mL 5.0 mg L
À1
PAHs solution was spiked in mosquito-repellent incense sample, cigarette sample and industrial lubricant extraction.
Results and discussion
Optimization of the ratio of In and 3-MeT
The ratio of In and 3-MeT could affect the resulting coating structure, in order to achieve high extraction efficiency their concentration ratio (M/M) was changed (i.e. 2 : 1, 1 : 1, 1 : 5, 1 : 10 and 1 : 20). As a result, when it was 2 : 1 and 1 : 1, the obtained coating was not uniform and the stainless steel wire could not be well covered. When it decreased to 1 : 5, 1 : 10 and 1 : 20, the coating became well-dened and smooth. The extraction efficiency of different coatings was compared in Fig. 2 . When the ratio was 1 : 10, higher extraction efficiency was achieved. 14 ]NTf 2 ) were used for the preparation of P(In-3-MeT)/IL coating under the same conditions. Their coating thickness was kept almost the same. As shown in Fig. 3 , the resulting P(In-3-MeT)/ILs coatings display different extraction efficiency due to the change of cations, and the P (In-3 (Fig. 4) . However, when the volume exceeded 20 mL (the total volume of the solution was 10 mL), the extraction efficiency decreased. The reason might be that excess IL hindered the electropolymerization of In-3-MeT to some extent. Hence, 20 mL was adopted as the optimized volume. 3.3 Characterization of P(In-3-MeT)/IL composite coating 3.3.1 FTIR spectra. The FT-IR spectra of P(In-3-MeT)/IL, IL, P(In-3-MeT), P(3-MeT) and PIn were shown in Fig. 5 . In the case of P(In-3-MeT), the strong and broad peaks at 3407 cm À1 and 1560 cm À1 were the characteristic peak of PIn, the strong and broad peak at 3407 cm À1 was the characteristic absorption of the N-H bond, and the band together with the band at 1560 cm À1 could be ascribed to the elongation and the deformation vibrations of the N-H bond, respectively. 18 The peak at 692 cm
À1
was the characteristic peak of P(3-MeT), denoting the C-S stretching in the thiophene ring. 29 The FT-IR spectrum of P(In-3-MeT)/IL showed the characteristic vibration bands corresponding to the imidazolium cation. The peak at 1470 cm À1 could be ascribed to the stretching vibrations of the C-N bonds in the aromatic system of imidazole and the peak at 1190 cm À1 was ascribed to imidazole ring in-plane asymmetric stretching vibration. 30 These absorption bands were accordant with those of IL, indicating that IL was successfully introduced into P(In-3-MeT). These indicated that a composite coating formed.
3.3.2 Thermal stability. The thermal stability of P(In-3-MeT)/IL, P(In-3-MeT), P(3-MeT) and PIn were investigated. As shown in Fig. S1 , † PIn started to lose weight when the temperature was over 375 C. The TGA curve of P(3-MeT) had two evident decomposition processes occurred at 265 and 350 C, respectively. For the P(In-3-MeT) coating there was an obvious degradation at about 350 C. Moreover, the P(In-3-MeT)/IL coating showed higher decomposition temperature (>450 C), meaning that the P(In-3-MeT)/IL coating had good thermal stability. 3.3.3 Morphology. Fig. 6 shows the SEM image of P(In-3-MeT)/[AVIm]NTf 2 coating. It presents cauliower-shape structure, and the coating is uniform, with a thickness of about 40 mm. The P(In-3-MeT) coating (Fig. S2a †) presents nodular accumulating structure, and the P(3-MeT) (Fig. S2b †) coating likes aggregated blossoms, the PIn (Fig. S2c †) coating shows dendritic morphology. Therefore, it can be thought that the copolymerization of In and 3-MeT occurred and IL was doped in the copolymer.
3.3.4 Extraction selectivity. Five series of organic compounds, including amines (i.e. aniline, N-methylacetamide, 3-methylbenzenamine, 2-chlorobenzenamine, 3-chlorobenzena- and PAHs (i.e. naphthalene, 1-methylnaphthalene, biphenyl, acenaphthene, uorene, phenanthrene) were tested to evaluate the extraction selectivity of the P(In-3-MeT)/IL coating. As could be seen in Fig. 7 , the P(In-3-MeT)/IL coating was obviously benecial to the extraction of PAHs, while it presented low extraction capacity to other compounds tested. This should be ascribed to the strong p-p interaction between the PAHs and the coating besides hydrophobic effect, because [AVIm] NTf 2 and the PAHs both possessed rich stacking p electrons.
Optimization of extraction conditions
Temperature is a major parameter affecting extraction efficiency, and it was examined from 10 C to 50 C. As shown in transfer rate of analytes. However, the distribution coefficient of analyte decreases at higher temperature, because surface adsorption is generally an exothermic process. Here low temperature is favorable for the SPME, probably due to the exothermic effect. Hence, 20 C was adopted for subsequent experiments. SPME is an equilibrium-based technique and there is a direct relationship between the extracted amount and the extraction time. Extraction time also affects the sensitivity and reproducibility of the raised method. The equilibrium time is generally selected as extraction time. Here, results indicated that the extraction efficiency reached the maximum around 40 min and then it decreased a little (Fig. S3b †) . Hence, 40 min was adopted as the optimized extraction time.
The inuence of stirring rate on extraction efficiency was also investigated. The solution agitation can promote extraction process and reduce extraction time because the equilibrium can be achieved more rapidly. The stirring speed was varied from 200 to 600 rpm to test its inuence in this case. As shown in Fig. S3c , † the extraction efficiency increased with stirring rate changing from 200 to 500 rpm. However, when it was above 500 rpm the rotating of magnetic stirring bar was not very balanced, leading to the decrease of extraction efficiency. Therefore, stirring rate was xed at 500 rpm in the experiments.
The rise of ionic strength usually causes an increase in the extraction efficiency. This is due to the salting-out effect. In this work, the inuence of ionic strength was investigated by varying NaCl concentration from 0.15 to 0.35 g mL À1 . As could be seen in Fig. S3d , † the peak area increased when NaCl concentration increased. Thus 0.35 g mL À1 NaCl (i.e., saturated NaCl solution)
was selected in the experiments.
To examine the release of the extracted analytes in the GC injector port, desorption time was changed from 1 min to 5 min. Result revealed that the peak areas for the six PAHs increased with increasing desorption time up to 4 min at 250 C, then they kept almost constant (Fig. S3e †) . Therefore, 4 min was sufficient for the analytes to desorb from the P(In-3-MeT)/IL ber at this temperature.
Method evaluation
Analytical parameters of merit of this P(In-3-MeT)/IL coating were determined and listed in Table 1 . The linear ranges were 0.05-50 mg L À1 , with correlation coefficients of 0.9957-0.9994. The detection limits (LODs) of the PAHs were estimated to be 6.25-25.2 ng L À1 , based on a signal-noise ratio of 3 (S/N ¼ 3).
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The relative standard deviations (RSDs) for the intra-ber were 3.9-5.5% (n ¼ 5), while for the inter-ber (four bers, 3 replicates each) the RSDs were <7.2% for 5 mg L À1 PAHs. As could be seen in Table 2 , this method was quite good in comparison with other methods in terms of linear range, LOD and repeatability. In addition, the P(In-3-MeT)/IL ber showed high durability (Fig. S4 †) . Aer it underwent 180 adsorption/desorption cycles, its extraction efficiency was almost unchanged. This was related to the high stability and mechanical strength of P(In-3-MeT)/IL coating.
Extraction capability
The extraction capability of the P(In-3-MeT)/IL ber, P(In-3-MeT) ber, P(3-MeT) ber, PIn ber and the commercial PDMS (thickness: 100 mm) ber was compared under the same conditions (Fig. 8) . As could be seen, the P(3-MeT) ber and PIn showed low extraction efficiency for the PAHs, while the P(In-3-MeT) ber had higher extraction efficiency. However, the extraction efficiency of the P(In-3-MeT)/IL ber was even higher, although they were prepared by similar method and had same coating thickness. This should be ascribed to the strong p-p interaction between the PAHs and the coating. The extraction efficiency of the P(In-3-MeT)/IL ber was also higher than that of the commercial PDMS ber. It indicated that the coating had high extraction capability.
Application
The proposed method was applied to analyze three samples. A 2 mL cigarette extractant was added into a 8 mL saturated NaCl aqueous solution, and industrial lubricant (0.25 g) and mosquito-repellent incense (0.002 g) were added into a 10 mL saturated NaCl aqueous solution, then they were detected under the optimized conditions. 1-MNAP and PHE were detected in the cigarette extractant and their concentrations were 5.5 and 17.0 mg L À1 , respectively. According to the obtained results their contents were calculated to be 0.056 and 0.17 mg g À1 , respectively. 1-MNAP, ACE and PHE were detected in the industrial lubricants sample, their concentrations were 1.1, 1.5 and 0.9 mg L À1 and their contents were ca. 0.044, 0.059 and 0.036 mg g À1 , respectively. BP was detected in the mosquito-repellent sample and its concentration was 4.7 mg L À1 and the content was calculated to be 23.4 mg g À1 . Fig. 9 presents the GC chromatograms of PAHs extracted with the P(In-3-MeT)/IL ber from the standard solution (d) and the samples (a-c). Aer spiking in these samples at 5 mg L À1 , the recoveries were measured and they were 82.3-110% (Table 3 ).
Conclusions
In this work, we prepared a P(In-3-MeT)/IL composite coating by electrochemical deposition in ACN solution containing [AVIm]NTf 2 . Owing to the strong hydrophobic and p-p interaction, the obtained coating exhibited high extraction efficiency and good selectivity for the PAHs. Besides, the P(In-3-MeT)/IL coating displayed high thermal stability, good durable property (could be used for more than 180 times) and reproducibility. Coupled with GC analysis, the P(In-3-MeT)/IL based ber was used for the determination of several PAHs and it showed wide linear ranges and low detection limits. In addition, it had advantages of easy preparation and low cost. So, the P(In-3-MeT)/IL based ber had potential application as an useful extraction tool.
